A number of electric dipole transitions from low-lying long-lived levels in Si-, P-and S-like ions of Fe and neighbouring elements have been identified by their longevity in delayed EUV spectra after foil excitation of fast ion beams. Some of these new identifications pertain to previously unidentified lines in solar flare spectra.
I N T R O D U C T I O N
More than 50 years ago, Edlén (1942) identified the visible corona lines with electric-dipole forbidden transitions between fine-structure levels of highly charged ions of iron group elements. This insight revolutionized models of the solar corona. The electric-dipole allowed ground-state transitions in the same ions to relate to lines in the extreme UV part of the spectrum and became observable only after rockets and spacecraft moved spectrographs beyond the Earth's atmosphere. Extreme ultraviolet (EUV) spectra of the corona and of solar flares have been presented by Behring et al. (1976) and Dere (1978) . For both sets of spectra, line identifications have been given that were based on wavelength coincidences with data from laboratory spectra. However, the laboratory data base at the time was incomplete (and still is), leaving a number of solar lines unclassified. Furthermore, within the spectral resolution of the solar data some spectral blends are likely, and misidentifications from lack of suitable reference data seem almost unavoidable.
A notable problem for laboratory work is posed by longlived levels. In most terrestrial light sources, such long-lived excited levels are quenched collisionally rather than given a chance to decay radiatively. Two very different light sources have been employed to improve on this. One is the lowdensity plasma discharge in tokamak nuclear fusion test devices, offering very precise spectroscopy on highly charged ion species that are present as impurities. The other is a beam of fast ions from an accelerator, which are excited by being passed through a thin carbon foil and which then proceed and decay in a practically collision-free environment. The latter light source has the additional benefit of isotopic purity and inherent time resolution (Träbert et al. 1988 ). These features helped to identify intercombination transitions in Mg-, Al-and Si-like spectra of iron group elements in solar spectra (Träbert et al. 1987) .
Unfortunately, the fast-ion beam light source is feeble, and observation suffers from Doppler shifts and broadening. Consequently the attainable spectral resolution is limited, and line-rich spectra are partly resolvable at best. The situation improves for observations after, say, a few nanoseconds delay (observation of the excited ion beam at a position of few cm downbeam of the foil, for the typical 0.5 MeV nucleon 21 ion beam energies). Although there the overall light level is even lower, the decays of short-lived levels are exhausted, and the delayed spectra are then dominated by the much less numerous decays of long-lived levels. Furthermore, it is possible to obtain decay curves on prominent lines and thus measure atomic lifetimes, a helpful tool for line identifications as well as a key to aspects of atomic dynamics beyond the atomic level structure.
Ideally, data from different light sources are combined for unambiguous line classification. In such work, observations of low-density laboratory and extraterrestrial plasmas provide high-resolution spectra and precise wavelengths. However, as there are many elements (possible impurities) present, the identity of a given line with an element or even a specific charge state often needs to be established independently. This can be the unique contribution of fast-ion beam spectroscopy.
As an example of such a combination of data from lowdensity plasmas like the tokamak controlled-fusion devices, solar corona observations and delayed beam-foil spectra, Jupén, Isler & Träbert (1993) assigned a number of individual lines of Fe X-Fe XIV. However, at the time beam-foil measurements were available for only some of the data. Our new data suggest that some (few) of the identifications that were based on time-integrated spectroscopy are possibly in conflict with new evidence from time-resolved spectroscopy.
The new data also point to several new identifications of previously unclassified solar lines.
T H E E X P E R I M E N T
The experiment was performed with the same set-up as used previously by Träbert et al. (1987 Träbert et al. ( , 1988 . Previously, the emphasis was on Si-, Al-, Mg-and Na-like ions. Lower ion energies than before have now been employed to shift the charge-state distribution to lower charge states, that is to excite the spectra of the Ar-, Cl-, S-and P-like ions of Fe, Ni and Cu. EUV light emitted by the ions was dispersed by a 2.2-m grazing-incidence scanning monochromator (McPherson Mod. 247) equipped with a 600 line mm 21 ruled grating, and detected by a channeltron. Sample spectra (Fig. 1) show how the relative intensities of lines change with the incident ion energy. In our spectral range the individual spectra of the aforementioned charge states (ion species) of each element overlap and are difficult to disentangle. We therefore concentrate on some prominent lines (in the delayed spectra, marked in Fig. 1 . Our beam-foil wavelength measurements were tied to the 3p-3d transitions in the Na-like ions and to several other well-known lines. However, most of these lines originate from relatively short-lived levels. Hence their intensity is high when observed near the foil (prompt spectra), and low in delayed spectra. In the prompt spectra, the lines of interest are regularly blended with a multitude of other lines. After a delay time sufficient to let the line of interest stand out, the reference lines tend to be rather weak. In such delayed spectra, the overall intensity of the lines is too low to permit working with high spectral resolution (considering accelerator time, finite exciter-foil life and the dark rate of the detector). The wavelength transfer then depends on the mechanical properties and measurement precision of the scanning monochromator, and it suffers from the need to use rather wide (100 to 200 m) spectrometer slits which result in relatively wide spectral lines (FWHM 0.07 to 0.14 nm). Furthermore, calibration lines from few-electron spectra are weak or not present at all when the ion energy is lowered to produce the spectra of ions with more electrons in the outermost shell. Thus stepwise calibration may need spectra taken at intermediate energies, which adds further uncertainties. An illustrative example: at the lowest ion energies used here, Ar I-like spectra feature three transitions between the J:0 ground state and J:1 levels of the 3p 5 3d configuration. Of these three upper levels, one is very short lived (and has a wavelength falling short of the region of interest); one has a lifetime in the few-nanosecond range and was used here, referring to wavelength data by Sugar, Kaufman & Rowan (1987) and Ekberg & Litzén (private communication) . The third line, with a many-nanosecond lifetime, was observed, but was too weak to be exploited for a calibration. As a consequence of the multistep calibration problem, our measured wavelengths bear typical uncertainties of 0.015 to 0.02 nm.
In order to facilitate line identification, time-resolved spectra were simulated on the basis of theoretical information on wavelengths and transition probabilities and then visually compared with beam-foil data. The characteristic patterns of relative line intensities changing with increasing delay after excitation helped to single out the decays of particular interest.
R E S U LT S

Si I sequence
In the Si isoelectronic sequence, the short-lived levels of the n:3 manifold are known, while their lifetimes are difficult to measure because of cascading problems (Träbert et al. 1989 (Träbert et al. , 1996b . The most long-lived 3s3p 3 level with an electric dipole (intercombination) decay channel, 3s3p 3 5 S o 2 , has been identified and studied in moderately charged ions by beam-foil spectroscopy (Träbert et al. 1988 states, radio-frequency ion-trap data (Calamai, Han & Parkinson 1992) have been essential to guide theory to the recognition of problems in the treatment of the intercombination decay transition amplitude (Hibbert 1993) . In the n:3 level manifold, however, there are also triplet levels of notably long lifetime which are amenable to lifetime measurement (Träbert et al. 1989 (Träbert et al. , 1996b . Of these, the 3s 2 3p3d 3 F 0 3 level is presently of particular interest, because its unbranched decay (to 3s 2 3p 2 3 P 0 2 ) must give rise to a prominent line that would extend to some distance from the foil. The line, in fact, features rather prominently in delayed beam-foil spectra of elements from Ca to Cu (Träbert et al. 1993a (Träbert et al. ,b, 1996a , and the charge-state assignment has been corroborated by energy variations of the ion beam.
The 3s 2 3p3d 3 F o 3 level has been covered computationally by Biémont (1986a,b) and by Fawcett (1987) . Biémont and Fawcett used the Cowan code with semi-empirical adjustments of the Slater parameters to match the positions of the known energy levels of the Si sequence spectra. However, as experimental data on the 3s 2 3p3d 3 F o term were not available at the time (see also Sugar, Kaufman & Rowan 1990) , it is not surprising to find a slight mismatch of Biémont's predictions with our experimental wavelengths for this particular line (Table 1 ). Biémont's and Fawcett's calculations also give oscillator strengths which translate into level lifetimes. Our lifetime data for Fe XIII, Co XIV, Ni XV and Cu XVI closely match the predictions. Attempts at measuring the lifetime of this level in Ca VII corroborated, with roughly 30 ns, the long lifetime expected for this low chargestate ion (Träbert et al. 1996b transition. This line identification, supported by charge-state variation, delayed spectra and decay-curve analysis, yields a line position that notably differs from that obtained by Jupén et al. (1993) (23.761 or 23 .7597 nm) on the basis of time-integrated (tokamak and solar) spectra only. Whereas the line suggested by Jupén et al is very close to the result of the calculations by Biémont (1986b) , the present study draws from beam-foil data for many elements in the isoelectronic sequence that show a systematic offset between predicted and measured wavelength. By isoelectronic comparison with Biémont's (1986a,b) calculations, our beam-foil data point to corresponding candidate lines in Cr XI, Ti IX and Ca VII (Table 1) . Refined calculations including the newly determined level would be helpful to establish the remaining fine-structure levels of the 3s 2 3p3d 3 F o term, from solar or tokamak spectra.
P I sequence
The ground configuration of P-like ions has levels with total angular momentum J values up to J:5/2. Electric dipole transitions connect these to excited levels with J values up to J:7/2, but proper-term values of the latter are not available in the literature. Mori, Otsuka & Kato (1977) note the existence of these levels by their connections to even higherlying levels, indicating unknown offsets of the level values.
In their Grotrian diagrams, they tentatively place the J:7/2 levels in the 700 000 cm 21 range of excitation energies, whereas recent calculations by Fritzsche, Froese Fischer & Fricke (1997) place them near 450 000 cm 21 . The experimental problems of identifying the J:7/2 level decays relate to two facts. First, the decays of the J:7/2 levels are unbranched, as there is only a single J:5/2 level in the ground configuration, and positive identifications of single lines are often daring. Secondly, of the four levels in question, one is extremely long-lived [a prediction of 13.6 s in Fe XII (Fritzsche et al. 1997 ) and therefore not observable with the present fast-ion beam technique], and two are in the many-nanosecond lifetime range not often observed with dense plasmas. However, this latter lifetime range is exactly the most suitable range for the delayed-spectra technique employed here. Indeed, in spectra recorded after delay times of order 10 ns and longer, two lines appear that feature the predicted wavelength and wavelength separation. For Fe XII the predicted lifetimes of -in LS coupling notation -the 2,4 F 7/2 levels are about 29 and 39 ns, respectively, and thus the associated decay lengths are longer than the vacuum chamber which houses the displaceable exciter foil. However, there is another J:7/2 level ( 2 G 7/2 ) with a predicted lifetime of 3.8 ns, which is visible at shorter delays. The observed decay component of about 2 ns at the position of that line is of the right order of magnitude, but the decay curve indicates a multiple line blend, including short-lived (less than 0.1 ns) and long-lived (9.5 ns) contributions.
For Cu XV the same levels feature predicted (interpolated from the data for Ni and Zn) lifetimes of about 13 and 17 ns, respectively, and these have been confirmed within 20
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© 1998 RAS, MNRAS 297, 399-404 Biémont (1986a,b) . Observed wavelengths obs are from the solar spectra tabulated by Dere (1978) , or from fast-beam spectroscopy (fbs, this work). The wavenumber differences have been divided by the ion core charge (spectrum number) in the second such column. The identification in the solar spectra of such candidate lines for J:7/2 level decays in P-like spectra helps with the search for other solar lines from the same transitions in lighter ions. Assuming a wavelength offset roughly similar to that between our measurement for Fe XII and the calculation by Fritzsche et al. (1997) to be valid for Cr X and Ti VIII as well, one finds solar lines in Dere's tables at wavelengths that are longer by 0.05 to 0.07 nm than the predicted ones. However, some of these lines have previously been identified with transitions in other ions (Table 2 ). More precise laboratory data as well as semi-empirically adjusted calculations will be needed to determine the isoelectronic data trends conclusively and to decide which of the possibly contributing transitions dominate the individual solar features.
S I sequence
The 3s 2 3p 4 3 P-3s 2 3p 3 5 D o transition array in S I-like spectra gives rise to multiplet that was found to be dominating the delayed EUV spectra after foil excitation of iron group element ions (Träbert et al. 1993a,b) . The multiplet consists of two groups of lines which are, for Fe XI, at wavelengths of about 25.7 and 26.6 nm. The shorter wavelength group consists of the transitions to the J:2 ground level and is expected to be more intense than the other group (consisting of decays to levels J:0, 1) by about a factor of 3 (the intensity estimate takes the inherent time resolution of the beam-foil light source into account). The predicted finestructure splitting of the upper term, 3s 2 3p 3 3d 5 D o , is about 300 cm 21 between neighbouring levels (Jupén, private communication; Bhatia & Doschek 1996) . This is too small to be resolved with spectral lines of wavenumbers close to 400 kK in our beam-foil observations, where the signal level is low and the observation of such long-lived level decays (predicted lifetimes in the range 10 to 50 ns) out of necessity proceeds with wide spectrometer slits. However, from solar observations data with higher spectral resolution are available. If in such high-resolution spectra the transition array of present interest can be recognized, it might also be possible to identify individual components. As it turns out, the optimum case is Fe XI.
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© 1998 RAS, MNRAS 297, 399-404 L 7/2 ). Data sources: fbs, fast-beam spectroscopic data from this work, solar, catalogue of Dere (1978) with identification given there; other data, theory (Fritzsche et al. 1997 ; the numbers for Cu are from an interpolation of the theory data). A number of factors contribute to this optimum situation. There is the detailed knowledge on the spectra of the various Fe ionization stages (Mori et al. 1997; Sugar & Corliss 1988; Jupén et al. 1993) , the solar abundance of Fe is favourably high, the levels of interest lie in an apparently advantageous lifetime range and there are incidental gaps in the distribution of possibly blending known transitions from other elements and charge states. Whereas the ground configuration levels of Fe XI are well established, the upperterm level structure is available from theory only. Calculations of the levels involved and some of the decay probabilities have been performed by Fawcett (1986) , Jupén (private communication), Chou et al. (1996) and Bhatia & Doschek (1996) . We find that in the Bhatia & Doschek calculations several groups of levels differ in position by 3000 to 10 000 cm 21 from experiment (if known) and also from the results of Jupén's scaled Cowan code calculations. The larger value pertains to some fairly low-lying levels like the aforementioned 3s 2 3p 3 3d 5 D o levels. Such a deviation illuminates the earlier problem of identifying the intercombination transition array in any spectra.
For our search of candidate lines in the solar spectra, we combine the known ground configuration levels with the observed beam-foil wavelengths. For the two-part transition array, the best match appears to be that of the strongest multiplet component, 3s Table 3 ), while the line at 25.778 nm is too high in wavelength by 0.005 nm for an equally perfect match. However, at an estimated measurement error of 0.003 nm, this is not bad either (and might even point to the actual upper-level fine-structure interval being different from prediction or to a blend with an unknown further line). The wavenumber difference for the alternative identifications of the 2-3 transition is about 437 cm 21 , which would spoil the systematics of Table 3 .
We note that our transitions 2-2 and 2-1 have previously been suggested as 2-3 and 2-2 in the same transition array (Jupén et al. 1993) . Jupén et al. (1993) assign the wavelength of the 2-3 component of Table 3 (25.726 nm) to a transition in Fe X exclusively instead, following earlier work (Smitt 1976) . The upper level of that transition in Fe X has a J value of 5/2 and thus an unbranched decay to the J:3/2 level of the ground state, which might give rise to a quite prominent line, comparable to the line intensity of the presently suggested transition in Fe XI. A blend of the two candidate lines seems likely. Such ambiguity of identification can only be settled if laboratory data can be obtained on all fine-structure components, preferably with photoelectric intensity measurements.
However, for the other ions in this isoelectronic sequence (restricting the discussion to the more abundant evennumber element ions), there is no such seemingly perfect line pattern to enable immediate identification. Therefore all these comparison hinge on the data for Fe XI. The expected isoelectronic trend assumes a mismatch between calculation and experiment that is almost constant on the wavelength scale (or nearly proportional to ion charge on a level energy scale, as has been discussed above for the Si isoelectronic sequence). For Ni XIII, the strongest component of the multiplet, 2-2, may be expected near :22.75 nm. There are many other identified lines in this region that might mask the line of present interest. Of the other part of the multiplet, the 1-1 component may be expected in the range 23.76 to 23.8 nm, and the previously unidentified line at 23.761 nm is a possible candidate. For Cr IX, our estimates indicate the wavelength range near 30.90 nm. In this range, Dere lists unidentified lines at 30.896 and 30.924 nm. If these were correctly identified with two of the three more prominent 2-J transitions, the other part of the multiplet would likely be blended with the 31.702-nm line from Mg VIII or the 31.761-nm line of Fe XV. For Ti VII, the unidentified Dere lines at 37.980 and 37.991 nm having a spacing and position that might fit to the 2-2 and 2-1 components of the multiplet of present interest, while the 38.723-nm line would be close to the matching position of the 1-0 component. However, there is a blending line near the position of the 1-0 component, while no candidate line is available for the 2-3 component. The latter may be weak because of its much longer upper-level lifetime. For Ca V, the unidentified Dere line at 48.952 nm might be associated tentatively with the 2-2 componnt, but such a single line is insufficient for a decisive identification of the transition array.
C O N C LU S I O N S
The time resolution inherent in fast-beam spectroscopy, as well as the elemental purity of the beam-foil light source, has again proven essential in assigning coronal lines, this time of transitions in Si I-, P I-and S I-like spectra of iron group elements. In the process, corrections to previous identifications from time-integrated spectra were found to be necessary. A critical re-evaluation of the solar data, on the basis of the up-to-date laboratory data base, and including cross-checks for the completeness of the spectra for which individual lines are noted, might indicate more about such inconsistencies.
On the positive side, coronal data with their superior wavelength precision, in comparison to most beam-foil wavelength data, can guide the analysis of terrestrial data as well as parametric calculations and isoelectronic intercomparisons, which will be needed to systematize the atomic structure data. In a subsequent step it will become possible to extend the present identifications to lighter ions, the lines of which probably show in the recent longer wavelength Solar EUV line identifications 403 © 1998 RAS, MNRAS 297, 399-404 (Sugar & Corliss 1988) with calculated excited lavels (Fawcet 1986; Bhatia & Doschek 1996) . The solar flare wavelengths are previously unidentified lines from Dere's tables (1978) . EUV solar spectra obtained by the SOHO spacecraft (Feldman et al. 1997 ) and which are only incompletely classified. Of particular interest, there are some J:9/2 levels in P-like ions that would decay only (by M1 transition) to J:7/2 levels as determined here. Calculations that reproduce the latter might yield better predictions for the J:9/2 levels as well, and thus provide a guide to identifications.
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